The single-degenerate (SD) model is one of the principal models for the progenitors of type Ia supernovae (SNe Ia), but some of the predictions in the most widely studied version of the SD model, i.e. the optically thick wind (OTW) model, have not been confirmed by observations. Here, we propose a new version of the SD model in which a common envelope (CE) is assumed to form when the mass-transfer rate between a carbon-oxygen white dwarf (CO WD) and its companion exceeds a critical accretion rate. The WD may gradually increase its mass at the base of the CE. Due to the large nuclear luminosity for stable hydrogen burning, the CE may expand to giant dimensions and will lose mass from the surface of the CE by a CE wind (CEW). Because of the low CE density, the binary system will avoid a fast spiral-in phase and finally re-emerge from the CE phase. Our model may share the virtues of the OTW model but avoid some of its shortcomings. We performed binary stellar evolution calculations for more than 1100 close WD + MS binaries. Compared with the OTW model, the parameter space for SNe Ia from our CEW model extends to more massive companions and less massive WDs. Correspondingly, the Galactic birth rate from the CEW model is higher than that from the OTW model by ∼30%. Finally, we discuss the uncertainties of the CEW model and the differences between our CEW model and the OTW model.
INTRODUCTION
Being an excellent cosmological distance indicators, Type Ia supernovae (SNe Ia) have been successfully applied to determine cosmological parameters (e.g. Ω and Λ; Riess et al. 1998; Perlmutter et al. 1999) . Indeed it has even been proposed that SNe Ia can be used for testing the evolution of the equation of the state of dark energy with time (Howell et al. 2009 ). SNe Ia also play an important part in understanding the role of galactic chemical evolution as they are believed to be the main producer of iron in their host galaxies (Greggio & Renzini 1983; Matteucci & Greggio 1986 ). They are also accelerators of cosmic rays and sources of kinetic energy in galaxy evolution processes (Helder et al. 2009; Powell et al. 2011) .
It is widely accepted that SNe Ia originate from the thermonuclear runaway of a carbon-oxygen white dwarf (CO WD) in a binary system. The CO WD accretes material from ⋆ E-mail: xiangcunmeng@ynao.ac.cn its companion, increases mass to its maximum stable mass, and then explodes as a thermonuclear runaway. Almost half of the WD mass is converted into radioactive 56 Ni during the explosion (Branch 2004) , and the amount of 56 Ni determines the maximum luminosity of SNe Ia (Arnett 1982) . However, the precise nature of the progenitor systems remains unclear (Branch et al. 1995; Hillebrandt & Niemeyer 2000; Leibundgut 2000; Maoz, Mannucci & Nelemans 2014) , although the identification of the progenitor has wideranging implications in a number of related astrophysical fields (Wang & Han 2012; Meng et al. 2015) . There have been two main competing scenarios for the last 4 decades for the progenitor systems of SNe Ia, which depend on the nature of the companion star. In the singledegenerate (SD) model, a CO WD grows in mass by accretion from its non-degenerate companion (Whelan & Iben 1973; Nomoto, Thielemann & Yokoi 1984) while, in the double degenerate (DD) scenario, two WDs merge after losing angular momentum by gravitational-wave radiation (Iben & Tutukov 1984; Webbink 1984) . There is some supc 2015 The Authors port for both models, but there also are some serious problems, both on the observational as well as the theoretical side (Howell 2011; Maoz, Mannucci & Nelemans 2014) . In this paper, we focus on the SD model.
In the standard SD model, the maximum stable mass of a CO WD is close to the Chandrasekhar mass (∼ 1.378 M⊙, Nomoto, Thielemann & Yokoi 1984) . The companion of the WD may be a main sequence star or a sub-giant star (WD+MS), or a red-giant star (WD+RG) Li & van den Heuvel 1997; Nomoto et al. 1999; Hachisu et al. 1999a,b; Langer et al. 2000; Han & Podsiadlowski 2004) . There is substantial observational support for the SD model: e.g., the detection of circumstellar material (CSM) in the spectrum of SNe Ia is usually taken as strong evidence in favor of the SD model (Patat et al. 2007; Sternberg et al. 2011; Dilday et al. 2012; Maguire et al. 2013 ). Moreover, supersoft X-ray sources (SSSs, WD + MS or WD + RG systems, van den Heuvel 1992; Di Stefano & Kong 2003) have been proposed to be good candidates as the progenitors of SNe Ia (Hachisu & Kato 2003a,b) . Recently, the UV excesses expected from the collision between supernova ejecta and their companion have been reported, which provides fairly definitive support for the SD model at least in these cases (Kasen 2010; Foley et al. 2012; Brown 2014; Cao et al. 2015 Cao et al. , 2016 Marion et al. 2016; Graur et al. 2016 ). It is therefore quite possible that all SN 2002es-like supernovae arise from SD systems (Cao et al. 2016) . A direct method for confirming this type of progenitor model is to search for the companion stars of SNe Ia in their remnants. The claimed discovery of a potential companion of Tycho's supernova could in principle support the WD + MS model (Ruiz-Lapuente et al. 2004; González-Hernández et al. 2009; Bedin et al. 2014) , although there are some strong doubts about this identification (Kerzendorf et al. 2009 (Kerzendorf et al. , 2013 . Here, we concentrate on the WD + MS channel, which is likely to be a very important channel for producing SNe Ia in our Galaxy and other late-type galaxies (Han & Podsiadlowski 2004) .
Whether a CO WD explodes as a SN Ia in the SD model depends mainly on the mass-transfer rate from its companion. The maximum accretion rate for stable hydrogen burning on a WD surface defines a critical accretion rate, Mcr (Nomoto 1982; Nomoto et al. 2007) . If the mass-transfer rate is larger thanṀcr, the WD may expand to become a RG-like object, and then a common envelope (CE) may form which engulfs both the WD and its companion. In the past it had been suggested that the system would then experience a spiral-in phase where the system will ultimately merge and avoid a SN Ia (Nomoto et al. 1979) ; this is one of the reasons for the low birth rate of SNe Ia from the SD model. To avoid this problem, the optically thick wind (OTW) model was proposed (Hachisu et al. 1996; Hachisu et al. 1999a,b) , in which the accreted hydrogen steadily burns on the surface of the WD at the rateṀcr while the unprocessed matter is lost from the system as an OTW. Since Hachisu et al. (1996) , many studies have been based on the OTW model (Li & van den Heuvel 1997; Han & Podsiadlowski 2004; Chen & Li 2007; Hachisu et al. 2008; Meng et al. 2009a; Meng & Yang 2010a; Wang, Li & Han 2010; Chen et al. 2011; Hachisu et al. 2012) . The OTW helps to modify the mass-growth rate of the WD and the mass-transfer rate to avoid the formation of a CE, increasing the birth rate of SNe Ia significantly (Han & Podsiadlowski 2004 ). The OTW model may also explain the properties of SSSs and recurrent novae (RN, Hachisu & Kato 2003a,b; Hachisu & Kato 2005 , 2006a Hachisu et al. 2007 ).
However, some of the predictions of the model are in conflict with observations. According to the opacity calculations by Iglesias & Rogers (1996) , whether the OTW may occur or not is heavily dependent on the Fe abundance. When Z is lower than 0.002, it is found that the opacity is too low to drive a wind, i.e. no OTW occurs (Kobayashi et al. 1998 ). This implies that there exists a lowmetallicity threshold for SNe Ia in contrast to SNe II. However, no such metallicity threshold has been found in galaxy host studies (Prieto et al. 2008; Galbany et al. 2016) . For the same reason, SNe Ia are not expected at high redshift (z > 1.4, Kobayashi et al. 1998 ), but recently a SN Ia at z = 2.26 was reported (Rodney et al. 2015) . Furthermore, some other SNe Ia at high redshift and/or in low-metallicity environments have also been discovered (Rodney et al. 2012; Frederiksen et al. 2012; Jones et al. 2013) . The material lost from the binary system in the OTW will shape the CSM around the SN Ia; because of the large wind velocity (∼ 1000 kms −1 ), it may create a low-density bubble or windblown cavity around the SN Ia. Its modification of the CSM on larger scales could become apparent during the SNR phase. Badenes et al. (2007) tried to search for the signatures of wind-blown cavities in seven young SN Ia remnants that would be expected in the OTW model. Unfortunately, they found that such large cavities are incompatible with the dynamics of the forward shock and the X-ray emission from the shocked ejecta in all seven SN Ia remnants 1 . This result may indicate that the progenitors do not modify their surroundings in a strong way -especially, the absorption features seen in the spectra of SNe Ia suggest small cavities of radius ∼ 10 17 cm (Patat et al. 2007; Blondin et al. 2009; Borkowskin et al. 2009; Simon et al. 2009; Sternberg et al. 2011; Patnaude et al. 2012 ). In addition, by modelling two remnants in the Large Magellanic Cloud with strong Fe-L line emission in their interiors, Borkowskin et al. (2006) found that the two remnants required a large interior density, which would be expected from a low-velocity preexplosion wind rather than the fast OTW.
As an alternative, a super-Eddington-wind (SEW) scenario has been suggested which only weakly depends on metallicity (Ma et al. 2013) . However, this model also has the wind velocity problem. In addition, whatever in SEW model or in OTW model, there is a fine-tuning problem that how the helium flash and hydrogen burning adjust with each other (e.g. Piersanti et al. 2000; Shen & Bildsten 2007; Woosley & Kasen 2011 ). This issue is crucial to determine whether or not a CO WD may effectively increase its mass.
If there is no OTW or SEW, the status of the SD model goes back to the situation some 20 years ago. However, 1 We notice that Williams (2011) reported results from a multiwavelength analysis of the Galactic SN remnant RCW 86 and found that the observed characteristics of RCW 86 may be reproduced by an off-center SN explosion in a low-density cavity carved out by the progenitor system. However, the remnant has usually been considered a core-collapse SN (e.g. Ghavamian et al. 2001 ) although this is still being debated (Broersen et al. 2014 ). Figure 1 . Schematic diagram illustrating the CE-wind model. The mass-transfer rate from the Roche-lobe filling companion exceeds the critical accretion rate at which the WD can accrete. This leads to the formation of a common envelope (CE). The inner region of the CE co-rotates with the binary, while the outer region rotates differentially. Mass is lost from the surface of the CE, powered in part by the luminosity emitted from the accreting WD and in part by the frictional energy generated in the differentially rotating region.
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whether the formation of a CE really needs to be avoided, as suggested by Nomoto et al. (1979) , has never been properly addressed. In this paper, we constructed a new SD model in which no OTW occurs but a CE forms around the binary systems when the mass-transfer rate exceeds the critical accretion rate. As we will show, a CE does not generally lead to the merger of the binary system as the density in the CE is usually quite low, resulting in a long spiral-in timescale. Indeed the existence of a temporary CE has many attractive features: the WD will naturally grow at the stable nuclear burning rate, both for H and He shell burning phases (similar to the situation in thermally pulsing asymptotic giant branch [TPAGB] stars), avoiding some of the fine-tuning in the classical SD model. While the CE acts as a mass reservoir, the wind from an extended CE envelope will naturally produce the low velocities in the circumstellar medium (CSM) as inferred for some SNe Ia (Badenes et al. 2007; Patat et al. 2007 ). As the system will have the appearance of a TPAGB star in the main WD accretion phase, no X-rays are expected, alleviating the existing X-ray constraints on the SD model (Gilfanov & Bogdán 2010; Di Stefano 2010) . In many cases, some H-rich CE material is still left at the time of the explosion. While, in most cases, this will not be directly detectible, it may explain the high-velocity Ca features observed in many SNe Ia which seem to require the existence of some H (Mazzali et al. 2005a,b) .
In this paper we will comprehensibly study this new framework for the SD scenario specifically for the WD + MS channel and systematically determine the parameter space for potential SN Ia progenitors. The results can be applied to study the statistical properties of SNe Ia using a binary population synthesis approach and may be helpful in searches for potential progenitor systems of SNe Ia. In section 2, we describe the detailed numerical method for the binary evolution calculations and the model grid we have calculated. The results of these calculations are presented in section 3. Our binary population synthesis (BPS) is presented in section 4, and the BPS results are shown in section 5. We briefly Figure 2 . An example of the evolution of a binary in the CEW model. The evolution of various parameters are shown, including the CO WD mass, M WD , the secondary mass, M 2 , the mass-transfer rate,Ṁ 2 , the mass-growth rate of the CO WD,Ṁ WD , the mass of the CE, M CE , the mass-loss rate from the system,Ṁ loss , the frictional luminosity, L f , and the merger timescale for the binary system, I/İ, as labelled in each panel. The evolutionary tracks of the donor stars are shown as solid curves and the evolution of the orbital periods is shown as dashed curves in panel (1). Dotted vertical lines in all panels and asterisks in panel (1) indicate the position where the WD is expected to explode as a SN Ia. The initial binary parameters and the binary parameters at the time of the SN Ia explosion are also given in panel (1). discuss our results in section 6. Finally, we summarize the main results in section 7, where we also discuss the future work required to develop the model further.
THE COMMON-ENVELOPE WIND MODEL
FOR SNE IA
Physics input
To calculate the binary evolution of WD+MS systems in detail, we adopt the stellar evolution code developed by Eggleton (1971 Eggleton ( , 1972 Eggleton ( , 1973 . During the last four decades, the code has been updated repeatedly with the latest input physics (Han, Podsiadlowski & Eggleton 1994; Pols et al. 1995 Pols et al. , 1998 . For example, Roche-lobe overflow (RLOF) is treated as a modification of one boundary condition to ensure that the companion overfills its Roche lobe but never much overfills its Roche lobe for the steady RLOF (Han et al. (2000) ). The ratio of mixing length to local pressure scale height, α = l/Hp, is set to be 2.0, and the convective overshooting parameter, δOV, to be 0.12 Schröder et al. 1997) , which roughly equals to an overshooting length of 0.25HP. Solar metallicity, i.e. Z = 0.02, is adopted in this paper. The opacity tables have been compiled by Chen & Tout (2007) from Iglesias & Rogers (1996) and Alexander & Ferguson (1994) .
Model
In the WD + MS channel 2 , the companion fills its Roche lobe on the main sequence or in the Hertzsprung gap (HG) and transfers material onto the WD. If the masstransfer rate, |Ṁ2|, exceeds the critical value,Ṁcr, the WD will become a RG-like object and fill and ultimately overfill its Roche lobe. A common envelope (CE) then forms. Hereafter, we shall refer to our model as the CE wind (CEW) model to distinguish it from the original OTW model ( Fig. 1 provides a schematic cartoon of the CEW model)
3 . For the CE structure, our model is similar to Figure 3 . An example of a binary evolution sequence in the OTW model. The evolution of various parameters are shown here, including the CO WD mass, M WD , the secondary mass, M 2 , the mass-transfer rate,Ṁ 2 , the mass-loss rate from the system,Ṁ loss , and the mass-growth rate of the CO WD,Ṁ WD as labelled in each panel. The evolutionary tracks of the donor stars are shown as solid curves, and the evolution of the orbital period is shown as a dashed curve in panel (1). Dotted vertical lines in all panels and asterisks in panel (1) indicate the position where the WD is expected to explode as a SN Ia. The initial binary parameters and the binary parameters at the time of the SN Ia explosion are also given in panel (1).
that in Meyer & Meyer-Hofmeister (1979) . In the model of Meyer & Meyer-Hofmeister (1979) , the CE is divided into two regions, i.e. a rigid rotating inner region and a differentially rotating outer region with a simply assumed sharp boundary at distance s ≃ a, where a is the binary separation. The inner region co-rotates with the binary, while the angular frequency of the outer region drops off as a power law, which means that at the boundary between the inner and outer regions, the angular frequency of the CE equals the orbital angular frequency of the inner binary system. Here, we also assume, as in Meyer & Meyer-Hofmeister (1979) , that WD and the hot core of an AGB star (Soker 2011; Ilkov & Soker 2012 , 2013 , while for our CEW model, the CE is maintained on a thermal timescale, and the binary embedded in the CE consists of a WD + MS system. the inner region of the CE co-rotates with the binary while the outer region rotates differentially. The differentially rotating outer envelope continually extracts the orbital angular momentum from the inner binary to the slowly rotating outer part at a ratė
where a is the binary separation, Ω is the Keplerian orbital angular frequency of the WD + MS binary,
η is the effective turbulent viscosity,
(ρ is the CE density, vc the convective velocity, l the mixing length) taken at the boundary of the co-rotating inner region, i.e. s ≃ a, and α is a coefficient of order one. Then, the friction between the inner and the outer regions of the CE leads to a decrease of the orbital angular momentum
and the energy released by the shrinking binary orbit is
Actually, almost all of the potential energy released is dissipated as frictional heat and added to the nuclear energy to expand the CE, where α represents the efficiency of transferring the orbital angular momentum of the inner binary system to the angular momentum of the outer CE (See equation 1). Here, guided by the results of Meyer & Meyer-Hofmeister (1979) , we 4 simply set α = 10, l = 0.1 a and vc = 0.26 GM⊙/a. We also treat the CE as spherical and ρ in equation (3) is set to be the average density of the CE
where MCE is the CE mass, which is derived froṁ
M wind is the mass-loss rate from the CE surface due to a wind, which is obtained by modifying the Reimer's wind formula (Reimers 1975) :
4 At present, the CE model is still very simple and many parameters are quite uncertain, especially the frictional density. Here, the chosen values for some of the parameters are just set for guidance to mainly set the scale of the frictional density. Generally, η ∝ l; the mixing length will be much less than a but a significant fraction of it and we, somewhat arbitrarily, set l = 0.1 a. Our choice of values for α and l results in αη ∝ a, which is of the same order as estimated by Meyer & Meyer-Hofmeister (1979) (α = 6π in Meyer & Meyer-Hofmeister 1979) . Therefore, the uncertainties of α and η are transferred into an uncertainty in the frictional density. We will discuss the influence of the frictional density on our model in detail in section 6.1.
where Ltot = Lnuc + L2 + L f . Here, L2 is the secondary luminosity and Lnuc is the nuclear energy for stable hydrogen burning
where X is the hydrogen mass fraction. Assuming that the system can be modelled as a redgiant star, the effective temperature, radius and mass of system approximately follow the relation
where T eff,⊙ and R⊙ are the solar effective temperature and radius, respectively (Wu et al. 2014 ). The effective temperature of the CE should be between 2500 K and 3200 K (Schröder & Cuntz 2007) . For simplicity, we set the effective temperature of the CE to 3000 K; then the radius of the CE 5 can be obtained from equation (10). Based on Equations (7), (8) and (10), we may calculate the CE mass as
where ∆t is the time step in the binary evolution calculation, and MCE,0 = 0 before the mass-transfer rate exceeds the critical accretion rate. (See the Appendix for details on how the CE mass is calculated in practice.) MWD in equation (7) is the mass-growth rate of the WD, which depends on the critical accretion rate (Hachisu et al. 1999a )
where X is the hydrogen mass fraction and MWD the mass of the accreting WD (in M⊙). If the CE exists, the structure of the WD is similar to a TPAGB star, and we therefore setṀWD =Ṁcr, where hydrogen is stably burning into helium, and helium flash and hydrogen burning phases adjust themselves just as they do in a TPAGB star. When the mass-loss rate from equation (8) is very high, a CE cannot be maintained even if the mass-transfer rate is higher than the critical accretion rate. In this case, we seṫ M wind = |Ṁ2| −ṀWD = |Ṁ2| −Ṁcr. In the OTW model, when |Ṁ2| >Ṁcr,ṀWD = ηHeṀcr, where ηHe is the mass accumulation efficiency for helium flashes. Actually, even if a WD accretes hydrogen-rich material at the rate ofṀcr, helium burning is always unstable, i.e. helium flashes occur, leading to ηHe < 1 even though |Ṁ2| >Ṁcr (Kato & Hachisu 2004 ). In section 6.2, we will discuss the effect of ηHe on the results of our model. So, in our CEW model, the massgrowth rate of the WD during the phase when |Ṁ2| >Ṁcr is higher than that in the classical OTW model. The total luminosity may exceed the Eddington luminosity of the system,
5 The radius of the CE in the CEW model may be larger than 500 R ⊙ ; then the wind velocity from the CE surface is very likely to be lower than 50 km/s, consistent with the observations of the variable Na absorption lines in the spectrum of some SNe Ia (Patat et al. 2007; Simon et al. 2009 ).
where c is the speed of light and κT is the Thomson opacity. When the total luminosity exceeds the Eddington luminosity, the common envelope will expand and lose its material at a high mass-loss rate. Both of these effects decrease the CE density and hence the frictional density between the binary system and the CE. As a consequence, the frictional luminosity will decrease until Ltot = L Edd . However, the mass-loss rate and/or the expanding speed of the CE are quite uncertain, and it is difficult to obtain the frictional density (L f ) directly. Since the CE may self-regulate to maintain Ltot ≃ L Edd by expanding or losing material at a high mass-loss rate, we set the frictional luminosity to be L f = L Edd − Lnuc − L2 if the total luminosity exceeds the Eddington luminosity of the system, anḋ
anḋ
If the CE does not exist, our treatment on the WD mass growth is similar to that in Han & Podsiadlowski (2004) and Meng et al. (2009a) , i.e. our CEW model reduces to the OTW model. (1) When |Ṁ2| is higher than 1 2Ṁ cr , hydrogen shell burning is steady and no mass is lost from the system. The systems at this phase may show the properties of SSSs. (2) When |Ṁ2| is lower than 1 2Ṁ cr but higher than 1 8Ṁ cr , a very weak shell flash is triggered but no mass is lost from the system. The systems at this phase may show the properties of RNe. (3) When |Ṁ2| is lower than 1 8Ṁ cr, the hydrogen-shell flash is too strong to accumulate material on the surface of the CO WD. Then,ṀWD is determined bẏ
where ηH and ηHe are the mass accumulation efficiencies for hydrogen burning and helium flashes, respectively,
ηHe is taken from Kato & Hachisu (2004) , and the treatment of ηHe is the same to that in Meng et al. (2009a) . We will discuss the effects of ηHe on the final results in section 6.2.
The model described above is still very simplistic and contains several rather uncertain variables, such as the CE density that has a major effect on the evolution of the system. We will discuss the effects of these uncertainties in some detail in section 6.1. We incorporated our model into the Eggleton stellar evolution code and followed the evolution of the mass donor and the mass growth of the accreting CO WD. We calculated more than 1100 WD+MS binary sequences with different initial WD masses, initial secondary masses and initial orbital periods, obtaining a rather dense grid of models. The initial masses of donor stars, M i 2 , range from 1.8 M⊙ to 4.1 M⊙; the initial masses of the CO WDs, M i WD , from 0.65 M⊙ to 1.20 M⊙; the initial orbital periods of binary systems, P i , from the minimum value, where a zero-age mainsequence (ZAMS) star just fills its Roche lobe, to ∼ 15 d, at which the companion star fills its Roche lobe at the end of the HG. In this paper, we assume that a SN Ia occurs if the mass of the CO WD reaches 1.378 M⊙, i.e. a value close to the Chandrasekhar mass limit for non-rotating WDs (Nomoto, Thielemann & Yokoi 1984) 6 .
BINARY EVOLUTION RESULTS
Binary evolution sequences for three examples in the CEW model
For a WD + MS system, if the mass-transfer rate, |Ṁ2|, exceeds the critical value,Ṁcr, the WD will become a RG-like object and fill and ultimately overfill its Roche lobe. Then, a CE forms. The binary system will spiral in because of the frictional drag caused by the CE. If the spiral-in process is very fast, the system could merger and then no SN Ia occurs. Whether the binary system avoids a merger fate in the CE phase is determined by the competition between the masstransfer timescale and the merger timescale, i.e. the system may re-emerge from the CE phase if the merger timescale is longer than the mass-transfer timescale; otherwise a merger is unavoidable. In the following, we show some typical binary evolution sequences in our CEW model. The evolution of the binary system in the CEW model is similar to that of the OTW model presented in Han & Podsiadlowski (2004) , but some of the details can be quite different. In Figs. 2 and 3 we present an example to compare the differences between the CEW model and the OTW model. Fig. 2 shows the evolution of the key binary parameters, including the merger timescale, as well as the evolutionary tracks of the donor stars in the Hertzsprung-Russell (HR) diagram, and the evolution of the orbital period. In this example, the initial system has donor and WD masses of M i 2 = 2.2 M⊙ and M i WD = 0.8 M⊙, respectively, and an initial orbital period of log(P i /d) = 0.40. The donor star fills its Roche lobe in the Hertzsprung gap, i.e. the system experiences early Case B RLOF. The mass-transfer rate exceedsṀcr soon after the onset of RLOF, leading to the formation of a CE, where part of the CE material is lost from the surface of the CE. The mass of the CE is always lower than 7 × 10 −4 M⊙. After about 1.1 × 10 6 yr, the mass-transfer rate has decreased below the critical accretion rate, and the CE disappears. During the CEW phase, the CEW has a similar effect as the OTW in the sense of balancing the mass-transfer rate and the accretion rate of the WD, except that the wind velocity from the CE surface is much lower than in the OTW. When the mass-transfer rate drops belowṀcr, but is still higher than 1 2Ṁ cr, mass loss stops; as hydrogen shell burning is still stable, the WD continues to gradually increase its mass. When the WD mass reaches M SN WD = 1.378 M⊙, the WD is assumed to explode as a SN Ia. At this point, the mass of the donor is M SN 2 = 0.9682 M⊙, and the orbital period is log(P SN /d) = 0.1076. Note that in panel (3) of Fig. 2 , there is a jump in the mass-loss rate just after 1.1 × 10 6 yr. This jump is caused by the different helium accumulation efficiencies for different WD masses in the model of Kato & Hachisu (2004) , which may also lead to a very small jump inṀWD although it is insignificant in panel (3) (4) of Fig. 2 shows that the frictional luminosity between the binary system and the CE is very low during the CE phase; as a consequence, the merger timescale due to the friction in the CE is much longer than the mass-transfer timescale, i.e. the CE does not strongly affect the evolution of the binary parameters, and the system avoids a merger in the CE phase.
The evolution of the binary system in the OTW model ( Fig. 3) is quite similar to that of the CEW model (Fig. 2) , i.e. RLOF begins in the Hertzsprung gap and the WD explodes during a phase where hydrogen shell burning is stable. When the WD mass reaches M SN WD = 1.378 M⊙, the parameters of the binary system are (M SN 2 , log P SN ) = (0.8578, 0.1653). In Fig. 3 , the mass-loss rate from the system is the difference between the mass-transfer rate and the mass-growth rate of the WD. The steps in the mass-loss rate in panel (3) However, many details are different in Figs. 2 and 3. For example, compared to the final state of the system in Figs. 2 and 3, a slightly more massive final secondary and a shorter orbital period are found in the CEW model. The differences are mainly caused by the different treatment of the massgrowth rate of the CO WD when |Ṁ2| is larger thanṀcr. At this stage, the mass-growth rate of the CO WD for the CEW model is always higher than in the OTW model, i.e. the WD may increase its mass more efficiently in the CEW model than in the OTW model when |Ṁ2| exceedsṀcr. Another reason contributing to the differences is the friction between the CE and the binary system which extracts orbital angular momentum from the binary system, leading to a slightly shorter orbital period. For these reasons, the WD in the CEW model also explodes earlier than in the OTW model by about ∼ 2 × 10 5 yr. Actually, all the WD + MS systems that can explode as SNe Ia in the OTW model will also explode in the CEW model, while some that cannot explode in the OTW model do so in the CEW model. Figs the CO WD when |Ṁ2| >Ṁcr. In addition, because of the effect of the CE on the orbital period, the moment at which the mass-transfer rate drops belowṀcr is slightly delayed, which may also be responsible for the different fate between the CEW model and the OTW model. Moreover, due to the existence of the CE, the mass-growth rate of the WD may still maintain a high value even when |Ṁ2| <ṀWD.
As Figs Fig. 4) . So, the mass-growth rate of the CO WD can maintain a high value even when |Ṁ2| is lower thaṅ MWD. Furthermore, the frictional luminosity in Fig. 4 is also much larger than that in Fig. 2 because of the more massive CE. Even though the frictional merger timescale in Fig. 4 is shorter than that in Fig. 2 , it is still longer than the masstransfer timescale, i.e. the effect of the CE on the binary evolution may still be small even for a CE of ∼ 0.7 M⊙. Actually, if the frictional luminosity is lower than several 10 2 L⊙ to 10 3 L⊙, the binary system may survive from the CE phase irrespective of the CE mass. Fig. 6 illustrates a more extreme case where both the donor and the WD are relatively massive, but the initial orbital period is shorter than that in Fig. 4 . The ini- For this short initial orbital period, the donor star starts to fill its Roche lobe on the MS. In the first ∼ 4 × 10 5 yr, the donor loses about 0.5 M⊙ after the onset of RLOF. At this stage, mass transfer almost becomes dynamically unstable, and hence the mass-transfer rate increases sharply, as does the CE mass. Within the following ∼ 5 × 10 4 yr, the companion loses about 1 M⊙. The mass-transfer rate drops only after the mass ratio has been reversed. The binary parameters at the explosion are (M SN 2 , log P SN ) = (1.1941, −0.4429). For an even larger initial donor mass, e.g. M i 2 = 3.2 M⊙, our calculations show that mass transfer becomes unstable, and such systems may experience a delayed dynamical instability (Hjellming & Webbink 1987) , i.e. the system may merge completely (but also see Han & Podsiadlowski 2006) . Notice that the oscillations in some curves in Fig. 6 are numerical artifacts caused by the high mass-loss rate of the donor for this binary system.
Final outcomes of the binary evolution calculations
To clearly show the difference between our results and previous ones in literatures, we show the final outcomes of all the binary evolution calculations in an initial orbital period -secondary mass (log P i , M i 2 ) plane (Fig. 7) . As the figure shows, CO WDs may reach a mass of 1.378 M⊙ while the system is still in the CE phase (filled squares) or after the CE evolution has ended, where they can be either in stable (filled circles) or weakly unstable (filled triangles) hydrogen-burning phases. Systems re-emerging from the CE phase may show the properties of SSSs if hydrogen burning on the WD is stable or those of RNe for weakly unstable hydrogen burning. All these systems are probably progenitors of SNe Ia. Because of dynamically unstable mass transfer or strong hydrogen shell flashes, many CO WDs do not increase their masses to 1.378 M⊙. As shown in Figs. 4 and 5, in comparison to the OTW model, the longer timescale for the CEW phase and the higher mass-growth rate during this phase result in a larger increase of the CO WD mass in this phase. Consequently the timescale from the end of the CEW to the explosion (where the systems may appear as SSSs or RNe) is shorter, or the CO WD, which would not increase to 1.378 M⊙ in the OTW phase, may reach 1.378 M⊙ during the CEW phase (the system then will not appear as a SSS or RN system). This means that a given system is less likely to be in the SSS/RN phase at the SN explosion in the CEW model (Meng et al. 2009a,c) . Based on the supersoft X-ray flux in elliptical galaxies, Gilfanov & Bogdán (2010) concluded that no more than 5% of SNe Ia in early-type galaxies can be produced by mass-accreting white dwarfs from the SD scenario. According to the OTW model, Meng & Yang (2011b) found that the mean relative duration of the SSS phase for an accreting WD is about 5%. However, based on the small number of SSSs observed in some galaxies such as M31, Maoz, Mannucci & Nelemans (2014) argued that no more than 1 % of the WD's growth time is spent in the SSS phase. This is an order of magnitude less than was found by Meng & Yang (2011b) . The results here should help to resolve the conflict between Maoz, Mannucci & Nelemans (2014) and Meng & Yang (2011b) since the CE phase in the CEW model lasts longer than the OTW phase. Moreover, even if the binary system were in a SSS phase, the supersoft X-ray flux would also be strongly reduced by the CSM that forms because of the CEW or the OTW, but the CSM from our CEW model would be more efficient in suppressing the supersoft X-ray flux because of the relatively high CSM density due to the much lower wind velocity (Nielsen et al. 2013; Wheeler & Pooley 2013) .
In Fig. 7 we present contours of the initial parameters leading to SNe Ia for different WD masses, indicating the final state of the system, while Fig. 8 combines the contours in one summary plot. The left boundaries of the contours are determined by the radii of ZAMS stars, i.e. correspond to systems that start RLOF on the ZAMS; systems beyond the right boundaries experience dynamically unstable mass transfer at the base of the red-giant branch (RGB). The upper boundaries are determined by systems that experience a delayed dynamical instability. For the systems above the lower boundaries, the mass-transfer rate is larger than 1 8Ṁ cr , which prevents the occurrence of strong hydrogen shell flashes, while, at the same time, the secondaries can provide enough material to feed the growth of the CO WDs to allow it to reach 1.378 M⊙. The figure shows that the initial WD mass significantly affects the upper boundary but not the lower boundary. The upper boundary moves to lower masses as the initial WD mass decreases, causing a shrinking of the initial parameter space that leads to SNe Ia with a decrease of the WD mass; at M i WD = 0.65 M⊙ the contour collapses to a point. Fig. 7 also shows the contours of initial parameters leading to SNe Ia from the OTW model for comparing the two model. The shapes of the contours are quite similar to each other, except that the upper boundary of the CEW model is higher than that in the OTW model and that the maximum initial orbital period for the CEW model can be longer; this means that mass transfer between the binary components is somewhat more stable for the CEW model than for the OTW model. This phenomenon is mainly caused by the different treatment of the mass-growth rate of the CO WD; i.e. the mass-growth rate during the CE evolution phase in the CEW model is higher than that during the OTW phase in the OTW model. So, for a given binary system, the WD mass (the mass ratio, M2/MWD) at the same evolutionary stage for the CEW model is slightly higher (smaller) than in the OTW model, which leads to relatively more stable mass transfer for the CEW model. Especially in the right-upper part of the allowed parameter space for the CEW model, the systems will experience nova explosions, preventing the CO WD from reaching 1.378 M⊙ for the OTW model, while the WD will reach 1.378 M⊙ in the CE phase for the CEW model. This difference arises from the fact that the CE acts as a mass reservoir which can continuously feed material to the WD as long as the CE exists, even when |Ṁ2| <Ṁcr as shown in Fig. 4 .
Comparison with the OTW model
Another difference is the minimum initial mass of CO WDs, M min WD , that can lead to SNe Ia. Previous studies showed that the minimum initial mass may be as low as 0.67 M⊙ for Z = 0.02 based on the OTW model (Langer et al. 2000; Han & Podsiadlowski 2004) , and Meng et al. (2009a) found that M min WD strongly depends on metallicity. Here, the minimum mass of CO WDs for Z = 0.02 is 0.65 M⊙, slightly lower than that for the OTW model, which is also a direct consequence of the different treatment of the mass-growth rate of the WDs.
These differences between the CEW model and the OTW model already indicate that the birth rate of SNe Ia in the CEW model should be somewhat higher than in the OTW model (see section 5).
The final state of the systems
In this section, we examine the final state of the binary systems and the properties of the companions at the time of the supernova explosion (assumed to occur when the WD mass has reached MWD = 1.378 M⊙); this may be helpful for identifying SN Ia progenitor systems or for finding surviving companions in supernova remnants. Fig. 9 shows the final states of binary systems leading to SNe Ia in the (log P f − M f 2 ) plane when MWD = 1.378 M⊙ for different initial WD masses, while Fig. 10 compares the initial and final contours of these systems. Generally, for a system with given initial parameters, the companion is still massive enough to maintain a high mass-transfer rate at the moment when MWD = 1.378 M⊙. For example, many systems are still in the CEW phase at this moment; this means that the WDs in these systems would continue to increase their masses if the WDs did not explode at this stage. Even for the systems exploding in the SSS or RN phase, the companions may still be massive enough to maintain a high mass-transfer rate, so that the WDs could continue to grow Hachisu et al. (2000a,b) , while the bright blue hexagram taken from the dynamical estimate (Thoroughgood et al. 2001) .
Final contour
in mass if they did not explode when MWD = 1.378 M⊙ (see Figs. 2 and 9) . In other words, if the WD of a system is slightly less massive than 1.378 M⊙ and its companion mass and orbital period are also located in the final contours for SNe Ia, it is still very likely for the WD to continue to increase its mass to 1.378 M⊙. Fig. 10 shows that the positions of the final contours are below those of the initial contours; the secondary always has a mass less than 2.6 M⊙, but can be as low as 0.6 M⊙. Almost all models have a final orbital period between 0.22 d and 6.5 d; these periods are generally shorter than in the OTW model (see Meng et al. 2009c ). Similar to the initial contours, the parameter range of the final contours shrinks with decreasing initial WD mass and disappears when MWD = 0.65 M⊙. A SSS (RX J0513.9-6951) and three RNe (CI Aql, U Sco and V394 CrA) are also indicated in Fig. 10 and two RNe (U Sco and V394 CrA) in Fig. 9 . These objects have been considered good candidates for progenitor systems of SNe Ia as they contain massive WDs and have short orbital periods (Parthasarathy et al. 2007 ). Numerical simulations provide further support for the SN Ia progenitor connection (see below). RX J0513.9-6951 (open star) with MWD = 1.30 M⊙ (Hachisu & Kato 2003b ) is located within the initial contour for SN Ia progenitors. If the WD is a CO WD, it would make an excellent candidate for a SN Ia progenitor, as already suggested in Hachisu & Kato (2001) and Hachisu & Kato (2003b) . For CI Aql, Sahman et al. (2013) recently analyzed time-resolved, intermediate-resolution spectra during quiescence and found a WD mass of 1.00 ± 0.14 M⊙ and a secondary mass of 2.32 ± 0.19 M⊙. The position of CI Aql is also perfectly placed within the initial contours for SNe Ia. Even considering the uncertainty in the WD mass, our model suggests that CI Aql is another excellent SN Ia progenitor candidate system.
The dynamical mass estimates for the binary components in U Sco are MWD = 1.55 ± 0.24 M⊙ and M2 = 0.88 ± 0.17 M⊙ (Thoroughgood et al. 2001) , while model simulations show U Sco to be a WD + MS system with MWD = 1.37 M⊙ and M2 = 1.5 M⊙, although a mass between 0.8 M⊙ and 2.0 M⊙ is also acceptable (Hachisu et al. 2000a,b , see also the binary evolution model in Podsiadlowski 2003). Both the dynamical estimates and model simulations indicate that the mass of the WD in U Sco is quite close to 1.378 M⊙. Figs. 9 and 10 that show that U Sco is well located within the final contours for SNe Ia, irrespective of whether the companion mass is taken from model simulations or dynamical estimates; this suggests that the companion has enough material to maintain a high mass-transfer rate to increase the WD mass to 1.378 M⊙. Therefore, our model supports the previous suggestion that, if the WD in U Sco is a CO WD, it is an excellent candidate for a SN Ia progenitor. However, whether or not the massive WD is a CO or a ONeMg one is still under debate (Mason 2011; . Further effort, both on the observational and the theoretical side, is clearly needed to decide the fate of U Sco. The WD mass of V394 CrA has been estimated to be 1.37 M⊙, while the mass of the companion is still unclear. The best-fit companion mass for this recurrent nova system is 1.50 M⊙, while a mass between 0.8 M⊙ and 2.0 M⊙ is still acceptable (Hachisu & Kato 2000 , 2003a Hachisu et al. 2003) . In either case, it is still very likely that the WD can increase its mass to 1.378 M⊙. Assuming a CO composition for the WD of V394 CrA, our results confirm that it provides an excellent candidate for a SN Ia progenitor. In any case, further observations are necessary to determine the masses of the WD and the secondary in V394 CrA.
In addition, as the well candidates of the progenitors of SNe Ia, U Sco and V394 CrA provide an opportunity to examine the progenitor models of SNe Ia in a detailed way, i.e. whether or not the two RNe may locate in the RN region for SNe Ia predicted by any successful singledegenerate model. In Fig. 9 , although the expected regions for the CEW, SSS and phases overlapped each other, the RN region predicted by our CEW model may explain the positions of U Sco and V394 CrA in the (log P f − M f 2 ) plane. According to Fig. 9 , both U Sco and V394 CrA are likely to come from systems with an initial WD mass between 1.0 M⊙ and 1.1 M⊙ if the best-fit companion masses from model simulations are taken, while the dynamical estimate for U Sco favors a system with M i WD ≤ 0.9 M⊙.
Mass and orbital velocity
In Fig. 11 we show the parameter regions for the companion mass and its orbital velocity when MWD = 1.378 M⊙ for different initial WD masses. The ranges of companion mass and orbital velocity here are very similar to those shown in Han (2008) Meng et al. 2007; Pakmor et al. 2008; Liu et al. 2012) . Generally, the stripped-off material is much less massive than the companion, and the kick velocity is much smaller than the orbital velocity. In any case, the companion mass and its orbital velocity here should be taken as upper and lower limits for the mass and the space velocity of the surviving companion in a supernova remnant, respectively. In the figure, we also plotted the parameters for the potential surviving companion of Tycho's supernova (Tycho G, Ruiz-Lapuente et al. 2004; González-Hernández et al. 2009; Bedin et al. 2014 ). Although it is presently unclear whether Tycho G actually is the surviving companion (see the discussion in section 3.4.3), its claimed parameters would be compatible with the range of the companion mass and its orbital velocity presented here.
Companion radius and rotational velocity
In Fig. 12 , we present the parameter regions for the companion radius and its equatorial rotational velocity when MWD = 1.378 M⊙ for different initial WD masses. In our calculations, we did not keeptrack of the companion radius as it can be obtained by some simple assumptions. We assume that the companion radius is equal to its Roche-lobe radius, i.e. the companion is filling its Roche lobe at the moment of the supernova explosion, and the donor's radius will not be far away from that shown in Fig. 12 . The equatorial rotation velocity is calculated assuming that the companion star co-rotates with the orbit. The figure shows that the rotational velocity of the surviving companions ranges from 40 km s −1 to 220 km s −1 ; this means that, in many cases, the companions' spectral lines should be noticeably broadened if the rotation of the star is not affected by the impact of the supernova ejecta. We note that the upper limit of the rotational velocity here is higher than that based on the OTW model in Han (2008) (170 km s −1 ) since the final orbital periods tend to be shorter in the CEW model than in the OTW model (see Figs. 2 and 3) . The companion radius lies between 0.5 R⊙ and 9 R⊙. In general, the companion stars with larger radii have lower rotational velocities. This figure may be helpful for identifying the companion nature of a potential surviving candidate in a supernova remnant. However, although the radius of Tycho G (1−3 R⊙) matches well with our calculations, its rotational velocity is much smaller than predicted here; this is the reason why Kerzendorf et al. (2009) have strongly argued against Tycho G being the surviving companion of Tycho's supernova. Here, we do not consider the impact of the supernova ejecta on the companion. If the companion expands significantly because of the impact, its rotational velocity will be significantly reduced. Indeed, as argued by Kerzendorf et al. (2009) (also see Meng & Yang 2011a) , it is possible in principle to explain the observed rotational velocity in Tycho G if the companion's envelope was almost completely stripped by the supernova impact and the surface layers we see now had to expand from regions near the core. These expectations, that follow from simple angular-momentum conservation considerations, have been confirmed by numerical simulations (e.g. Pan et al. 2012a; Liu et al. 2013 ), though we note that none of the simulations in Pan et al. (2012a) can explain the observed properties of Tycho G as none can fit the observed gravity (log g) and the observed rotational velocity simultaneously. Fig. 13 shows the parameter regions for the luminosity and the temperature of the companion when MWD = 1.378 M⊙ for different initial WD masses. The luminosity ranges from 0.25 L⊙ to 100 L⊙, and the effective temperature from 4470 K to 12600 K. The range of effective temperatures is slightly larger than in the OTW model (Han 2008) , which again is a direct consequence of the different treatment of the mass-growth rate of the WD, leading to a larger initial parameter space in the initial secondary mass -orbital period plane.
Luminosity and effective temperature
The luminosity and the effective temperature of a companion will generally be affected by the impact of the supernova ejecta (Marietta et al. 2000; Podsiadlowski 2003; Shappee et al. 2013 ); hence Fig. 13 can only give an indication for the initial conditions when exploring the evolution and appearance of a companion star during the postimpact re-equilibration phase when the star is out of thermal equilibrium. Podsiadlowski (2003) calculated the luminosity evolution of a subgiant star of 1 M⊙ after being hit by the ejecta of a SN Ia and found that the luminosity evolution was initially much faster than the Kelvin-Helmholtz timescale of the pre-SN subgiant since the re-equilibration timescale is determined by the thermal timescale of the outer layer of the star, which can be many orders of the magnitude shorter. Depending on the amount of energy deposited, the luminosity of the companion may be either significantly overluminous or underluminous (0.1 L⊙ -200 L⊙) 440 yr after the SN explosion. Pan et al. (2012b) found that the evolution of the remnant star strongly depends not only on the amount of energy deposited from the explosion but also on the depth of the energy deposition and that the luminosity of the remnant could be close to that of Tycho G ∼ 500 yr after the explosion (consistent with the conclusions of Podsiadlowski 2003). Shappee et al. (2013) calculated the future evolution of the companion by injecting (2−6)×10 47 erg of energy into the stellar-evolution model of a 1 M⊙ donor star and found that the companion becomes significantly more luminous (10 − 10 3 L⊙) for a long period Figure 14 . The parameter regions for the mass-lose rate and the total amount of material lost from the system when M WD = 1.378 M ⊙ for different initial WD masses, where the CE mass is included in the amount of material lost from the system. of time (10 3 − 10 4 yr) due to the Kelvin-Helmholtz collapse of the envelope. These simulations and our binary evolution calculations partly share the luminosity range, especially for the results in Podsiadlowski (2003) . The potential surviving companion of Tycho's supernova is well located within the contour of Fig. 13 . However, as we discussed in section 3.4.3, no model to date can reproduce log g, the rotation velocity and the luminosity of Tycho G simultaneously. Observations are also not fully conclusive. While Bedin et al. (2014) in their re-analysis conclude that the proper motion and chemical abundance of Tycho G are consistent with it being a surviving companion, Xue & Schaefer (2015) , measuring the exact explosion site of Tycho's supernova, found that Tycho G is outside the 1σ error region (7.3 arcsec) at very high significance. Therefore Tycho G may just be a Milky Way thick-disc star that happens to pass in the vicinity of the supernova remnant (Fuhrmann 2005 ; but also see Bedin et al. 2014 for a different view).
Mass loss
Fig. 14 shows the mass-lose rate from the system and the total amount of material lost when MWD = 1.378 M⊙. Here, the CE mass is included in the material lost since the CE material may generally be lost eventually (see the further discussion in section 6.1) or provide a mass reservoir to form a circumbinary disk. This assumption for the material lost is reasonable for about 99% of all SNe Ia, because the CE mass is so small (less massive than ∼ 10 −3 M⊙) for most SNe Ia exploding in the CE phase. Only for the cases of M i WD ≥ 1.1 M⊙, may this assumption affect the upper parts of the contours, i.e. the upper limit of the amount of the lost material may be overestimated by a few tenths M⊙ if one assumes that the CE contributes to the lost material. As  Fig. 14 shows, the mass-lose rate covers 3 orders of magnitude, i.e. from ∼ 10 −8 M⊙ yr −1 to 10 −5 M⊙ yr −1 . The lower limit of the mass-loss rate for the CEW model is mainly constrained by the mass loss during helium shell burning, while the upper limit is mainly determined by the Eddington luminosity. The lower mass-loss rate from systems in the Figure 15 . The parameter regions for the total amount of material lost from the system and the maximum distance that the lost material may reach by the time when M WD = 1.378 M ⊙ for different initial WD masses; here the CE mass is included in the amount of material lost from the system. The red star represents the Galactic SN remnant RCW 86 (Broersen et al. 2014) .
CEW model may help to explain why the circumstellar environment contains very little mass around some SNe Ia such as SN 2011fe , although there are ongoing arguments on whether SN 2011fe originates from a SD or a DD system (Li et al. 2011b; Chomiuk 2013; Mazzali et al. 2014; Meng & Han 2016 ).
In our model, a large amount of material may be lost from the CE surface: it may be as large as 2.5 M⊙. This could be the cause of the colour excess seen in SNe Ia (Meng et al. 2009b) . As this material cools, part of it may form dust and cause light echoes (Wang et al. 2008; Yang et al. 2015) . The dust should be distributed over a large region around SNe Ia, where the extent should be smaller than the maximum distance that the lost material can reach. Fig. 15 shows the contour of the total amount of material lost from the system and the maximum distance that the lost material may reach by the time when MWD = 1.378 M⊙. The maximum distance is simply d = vw × t d , where vw is the wind velocity 7 of the material lost, here assumed to be 50 km s −1 , and t d is the delay time from the onset of mass transfer to the moment when MWD = 1.378 M⊙. There is a trend in Fig. 15 that the maximum distance is closer if a larger amount of material is lost. This is caused by the effect of the initial WDs and the companions on the mass-transfer time scale: for a lower initial WD mass and a lower companion mass, the mass-transfer timescale for increasing the WD to 1.378 M⊙ is longer, and the wind material can reach a larger distance.
7 For the present CEW model, the exact value of the CEW velocity is still quite uncertain, but a value larger than that of an AGB star may be expected. For example, the wind velocity for an AGB star with a core of 0.8 M ⊙ and an envelope of 0.1 M ⊙ is very likely to be smaller than that of a system with a CO WD of 0.8 M ⊙ and a companion of ∼ 2.0 M ⊙ covered by a CE of 10 −3 M ⊙ , e.g. the system shown in Fig. 2 , due to a higher escape velocity from the surface of the CE. In addition, a value of ≤ 100 km s −1 for the outflow from the SD systems is also consistent with the dynamics of the forward shock and the X-ray emission from the shocked supernova ejecta in some SNRs (Badenes et al. 2007 ).
At the same time, a less massive companion means a lower mass-transfer rate and consequently much lower mass-loss rate, which results in a smaller amount of the lost material although the mass-transfer timescale is longer. In particular, for some SNe Ia, the amount of lost material is quite small (no more than 0.2 M⊙), but is spread over a very large scale (∼ 300 pc). In these cases, the environment around the SNe Ia should be very clean. In a follow-up paper, we will discuss the observational consequences of these properties in a detailed binary population synthesis study.
We must emphasize that the results from Fig. 10 to Fig. 15 are based on the assumption that the WD explodes as a SN Ia when its mass reaches 1.378 M⊙. However, the explosion could be delayed if the WD is rotating rapidly (see the discussion in section 5.2), in which case the final state of the binary system could be quite different from what is presented here. For example, the range of the companion mass should move to a lower value and the range of the final orbital period may be increased, i.e. range from a value lower than 0.2 d to one longer than 6.5 d. Similarly, the range of the radius, rotation velocity and orbital velocity are also increased, i.e. the lower boundary moves to a lower value while the upper boundary moves to a higher value. As a consequence, M lost would be larger, while the final massloss rate from the binary system would be lower, producing a cleaner environment around the SN Ia.
BINARY POPULATION SYNTHESIS
Adopting the results in section 3, we have estimated the expected supernova frequency from the WD+MS channel using the rapid binary evolution code developed by Hurley et al. (2000 Hurley et al. ( , 2002 . Hereafter, we use primordial to refer to the binaries before the formation of the WD+MS systems and initial for the WD+MS systems (see also Meng et al. 2009a and Yang 2010a ).
Common-envelope evolution
In the evolution of a binary, the primordial mass ratio (the ratio of the mass of the primary to the mass of the secondary) is crucial for the nature of the first mass-transfer phase. There is a critical mass ratio, qc, which determines the evolutionary direction of a binary system. If the primordial mass ratio is larger than qc, the system will experience dynamically unstable mass transfer and the system will enter into a CE phase 8 (Paczyński 1976) . The value of qc is a function of the evolutionary state of the primordial primary at the onset of RLOF (Hjellming & Webbink 1987; Webbink 1988; Han et al. 2002; Podsiadlowski et al. 2002; . In this paper, we set qc = 4.0 if the primary fills its Roche lobe on the MS or in the HG. Such a value is supported by various detailed binary evolution studies (Han et al. 2000; Chen & Han 2002 . If the primordial primary fills its Roche lobe on the first giant branch (FGB) or AGB, we adopt
where M P c1 is the core mass of the primordial primary, and
is the mass-radius exponent of the primordial primary, where x ≃ 0.3 and changes with the stellar composition. If the mass donors (primaries) are naked helium giants, we take qc = 0.748 (see details in Hurley et al. 2002) .
The "new" binary embedded in the CE consists of the dense core of the primordial primary and the primordial secondary and will lose its orbital energy due to the friction between the CE and the binary system. A part of the orbital energy released by the system during the spiral-in process is injected into the envelope to eject the material in the CE (Livio & Soker 1988) . In this paper, we assume that the CE is ejected completely if
where E bind is the binding energy of the CE, ∆E orb is the orbital energy released during the spiral-in phase, and αCE denotes the CE ejection efficiency (i.e. the fraction of the released orbital energy that can be used in ejecting the CE). Since the internal energy and, in particular, the recombination energy in the envelope is not incorporated in the binding energy (Ivanova et al. 2013 (Ivanova et al. , 2015 , αCE can be larger than 1 (see Han, Podsiadlowski & Eggleton 1995 on the discussion of the internal energy). Here, αCE = 1.0 or αCE = 3.0 is adopted.
Evolutionary channels for WD + MS systems
There are three evolutionary channels to form WD + MS systems based on the evolutionary state of the primordial primary at the onset of the first RLOF. Case 1 (He star channel): the primordial primary is in the HG or on the RGB at the onset of the first RLOF phase (so-called case B evolution as defined by Kippenhahn & Weigert 1967) . In this case, a CE forms either because of a large mass ratio or because the mass donor has a deep convective envelope. After CE ejection, the system consists of a helium star and a MS star. The helium star continues to evolve and will fill its Roche lobe again after helium has been exhausted in the center. Due to the small mass ratio, mass transfer is dynamically stable leading to the formation a close CO WD + MS system (see Nomoto et al. 1999 Nomoto et al. , 2003 .
Case 2 (EAGB channel): the primordial primary is on the early AGB stage (EAGB) (i.e. helium is exhausted in the core, while thermal pulses have not yet started). At this stage, the hydrogen-exhausted core, i.e. the CO core surrounded by a dense helium shell, is much denser than the hydrogen-rich envelope, and there is a steep gradient in the gravitational potential between the hydrogen-exhausted core and the hydrogen-rich envelope (e.g. Figure. 2 in Meng et al. 2008) . If the system experiences dynamically unstable mass transfer, the system will enter a CE and spiral-in phase where the hydrogen-rich envelope forms a CE. After the ejection of the CE, the new, much closer binary consists of the hydrogen-exhausted core and the secondary. Eventually the primordial primary becomes a helium red giant and may fill its Roche lobe to start a second phase of RLOF. Similarly to the He star channel, this RLOF phase is stable and produces WD + MS systems after the end of RLOF.
Case 3 (TPAGB channel): the primordial primary fills its Roche lobe during the TPAGB stage. Similarly to the above two channels, a CE is formed during the first RLOF phase. A CO WD + MS binary is produced after CE ejection.
The WD + MS systems continue to evolve, and the MS companions will, at some stage, fill their Roche lobes and transfer matter to the CO WDs, which may subsequently explode as SNe Ia. Here, we assume that, if the initial orbital period, P i orb , and the initial secondary mass, M i 2 , of a WD + MS system are located in the appropriate region in the (log P i , M i 2 ) plane (see Fig. 7 ) for SNe Ia at the onset of RLOF, a SN Ia is produced.
Basic parameters for the Monte-Carlo simulations
To investigate the birth rate of SNe Ia, we followed the evolution of 10 7 binaries using the Hurley rapid binary evolution code (Hurley et al. 2000 (Hurley et al. , 2002 . The results of the grid calculations in section 3 are incorporated into the code. The primordial binary samples are generated in a Monte-Carlo way, where circular orbits are assumed for all binaries. The basic parameters for the simulations are as follows:
(i) The initial mass function (IFM) of Miller & Scalo (1979) is adopted. The primordial primary is generated according to the formula of Eggleton et al. (1989) 
where X is a random number in the range [0,1], and M p 1 is the mass of the primordial primary, which is between 0.1 M⊙ and 100 M⊙.
(ii) For the evolution of a binary system, the primordial mass ratio, q ′ , is a crucial parameter as it determines the evolutionary direction of the system. In the paper, a uniform mass-ratio distribution is adopted, i.e q ′ is uniformly distributed in the range [0, 1] (Mazeh et al. 1992; Goldberg & Mazeh 1994) :
where
All stars are assumed to be members of binary systems. For the separation of the binary systems, a constant distribution in log a is assumed for wide binaries, while a falls off smoothly for close binaries:
where αsep ≈ 0.070, a0 = 10 R⊙, a1 = 5.75 × 10 6 R⊙ = 0.13 pc and m ≈ 1.2. The separation distribution adopted here implies an equal number of wide binary systems per logarithmic interval, and gives approximately 50 percent of binary systems with an orbital period ≤ 100 yr (see also Han, Podsiadlowski & Eggleton 1995) .
(iv) We simply adopt either a single starburst (i.e. 10
11 M⊙ in stars is generated at a single instant of time) or a constant star-formation rate S (SFR) for the last 15 Gyr. Here the value of S is set to be 5 M⊙ yr −1 , which is calibrated to maintain the production of one binary with M1 > 0.8 M⊙ in the Galaxy every year (see Iben & Tutukov 1984; Han, Podsiadlowski & Eggleton 1995; Hurley et al. 2002; Willems & Kolb 2004) . The value of 5 M⊙ yr −1 can successfully reproduce the birth rate of the core-collapse supernova and the 26 Al 1.809-MeV gamma-ray line in the galaxy (Timmes et al. 1997) .
BINARY POPULATION SYNTHESIS RESULTS
The birth rate
Fig . 16 shows the Galactic birth rates of SNe Ia (i.e. Z = 0.02 and SFR= 5.0 M⊙ yr −1 ) from the WD+MS channel. The Galactic birth rate is around (0.89-1.20)×10 −3 yr −1 , which is higher than that from the OTW model by about ∼ 30% (see Fig. 6 in Meng et al. 2009a) , as one would expect since the parameter space for SNe Ia here is larger in our model than in the OTW model. This result is some- The birth rate of SNe Ia for a single starburst is presented in Fig. 17 . In this case, most supernovae occur between 0.25 Gyr and 2 Gyr after the starburst. Similarly, the peak value here is also slightly higher than that from the OTW model (see Fig. 7 in Meng et al. 2009a ). In addition, Fig. 17 shows that a low αCE leads to a higher birth rate (see also Fig. 16 ), since a low value of αCE means that a primordial system needs to release more orbital energy to eject the CE for the formation of a WD + MS system; hence the resulting WD + MS systems tend to have shorter orbital periods and thereby more easily fulfill the conditions for SNe Ia. In addition, only when αCE is low enough, may the WD + MS system produced from the TPAGB channel contribute to the SN Ia population (see also Meng et al. 2009a) . Moreover, our CEW model may produce SNe with slightly shorter time delays compared to the OTW model as the initial companion can be more massive.
5.2
The CE mass at the time of the supernova explosion Fig. 7 shows that some SNe Ia can explode in the CEW phase, i.e. there is still some material in the CE when MWD = 1.378 M⊙, which could affect the observational properties of SNe Ia. This is the most significant difference between the CEW and the OTW model. Fig. 18 shows the distribution of the CE mass and the companion mass when MWD = 1.378 M⊙ and the contour of the CE mass and the companion mass in a M SN 2 − log(MCE) plane. Here, we only show the case of αCE = 1.0 since the case of αCE = 3.0 is similar. Roughly 1.2%−14.2% of all SNe Ia explode in the CEW phase, which depends on the value of αCE. The percentage for which SNe Ia explode in the CEW phase in the CEW model is slightly larger than the one for which SNe Ia explode in the OTW phase in the OTW model (Meng et al. 2010; Meng & Yang 2011b ). The CE mass ranges from 10 −5 M⊙ to ∼ 1 M⊙. For most cases, the CE mass lies between a few 10 −4 M⊙ and a few 10 −3 M⊙. It may be difficult to detect such hydrogen-rich material directly; however, such low-mass CEs might leave footprints in the high-velocity features in the spectrum of SNe Ia (Mazzali et al. 2005a,b) .
In some cases, the CE mass can be larger than 0.1 M⊙, even as large as 1 M⊙. If the SNe Ia occurs in such situations, hydrogen lines should easily be detectable in the early spectra of some SNe Ia. While such strong hydrogen lines were indeed discovered in some SNe Ia, such as SN 2002ic (Hamuy et al. 2003) , this is not consistent with observations of most SNe Ia. This may require a time delay between the moment when MWD = 1.378 M⊙ and the supernova explosion; this time needs to be long enough so that the CE material can be lost. Based on the CE mass and the mass-reduction rate of the CE, we estimate that at least a few 10 5 yr is needed for such a delay time. Obviously, a simmering phase, lasting ∼ 10 3 yr, of the WD before the supernova explosion does not produce such a delay time (Piro & Chang P. 2008; Chen et al. 2014) . A possible suggested mechanism is provided by the spin-up/spin-down model (Justham 2011; Di Stefano & Kilic 2012) , where the WD is spun up by accretion. If the resulting WD's rotation velocity is sufficiently large, the WD may not explode as a SN Ia even when its mass exceeds 1.378 M⊙. Hence to explode, a spin-down phase of the WD is required. During the spin-down phase, the companion may lose almost all of its hydrogen-rich envelope and become a very faint object. Such a mechanism may explain the lack of hydrogen lines in the late-time spectrum of SNe Ia predicted by the interaction between the supernova ejecta and a hydrogen-rich companion, and why no surviving companion has been found, e.g., in the supernova remnant SNR 0509-67.5 (Justham 2011; Di Stefano & Kilic 2012) . However, from a purely theoretical point of view, it is completely unclear how long the spin-down timescale is (Di Stefano et al. 2011) . Recently, based on the observational fact that CSM exists around some SNe Ia, Meng & Podsiadlowski (2013) provided a constraint on the spin-down timescale using a semi-empirical method; they found that the spin-down timescale should be shorter than a few 10 7 yr, otherwise it would be impossible to detect the signature of the CSM. Such a timescale is long enough to erase most of the possible observational signatures predicted by the SD model, but short enough that it does not affect the delay time of supernova explosions 9 since the formation of the primordial system formation. 10 5 yr is needed for our CEW model to fulfill the constraint in Meng & Podsiadlowski (2013) . Because of the possibility of relatively massive initial companions (in the top right corner in Fig. 7) , the delay time for SNe Ia exploding in the CE phase with MCE > 0.1 M⊙ ranges from 240 Myr to 330 Myr. We estimate that no more than 1.7 in 100 SNe Ia belong to this subclass. Those SNe Ia exploding in massive CEs may contribute to 2002ic-like SNe Ia since their birth rate and delay time is consistent with those estimated from observations, and a strong hydrogen line is expected from the interaction between the supernova ejecta and a massive CE (Aldering et al. 2006 ).
In Fig. 18 , there is a gap in the distribution of MCE, which is mainly caused by the different evolutionary stages of the companion stars at the onset of RLOF which sets the mass-transfer timescale. Generally, the mass-transfer timescale for companion stars more massive than ∼ 2 M⊙ does not vary monotonically with evolutionary stage from the zero-age main sequence to the bottom of the RGB . Consequently, the critical mass ratio for dynamically unstable mass transfer also does not vary monotonically with the evolutionary stage, which itself is determined by the orbital period of the system at the beginning of RLOF (Ge et al. 2015) . Generally, for a given binary system, a longer mass-transfer timescale means a lower average mass-transfer rate. If RLOF begins when the companion crosses the HG, the exact evolutionary stage which gives the longest mass-transfer timescale depends on the initial companion mass. Systems with the longest mass-transfer timescale are more likely to be found in the SSS phase when MWD = 1.378 M⊙ rather than in the CEW phase, although systems with the same initial WD and companion masses but with shorter or longer orbital periods may explode in the CEW phase or experience a delayed dynamical instability (see panel (7) in Fig. 7 ).
For those with longer orbital periods, the mass-transfer timescale sharply decreases with orbital period, which results in a very high mass-transfer rate; then the CE mass may be larger than 0.1 M⊙ at the time of the supernova explosion, an example of which is shown in Fig. 4 . In addition, for very high mass-transfer rates, the companion will lose its outer envelope quickly. With the loss of the companion's envelope, the hydrogen fraction of the transferred material decreases, which results in a higher critical accretion rate and hence a higher mass-growth rate of the CO WD (see equation (12) and panels (2) and (3) in Fig. 4) . So, the time from the onset of RLOF to the moment of the supernova explosion is shortened; this also contributes to the population of SNe with massive CEs as the timescale for losing the CE is also shortened. However, such cases only occur for systems with initial WD masses ≥ 1.1 M⊙ and relatively massive companions.
For those with shorter initial orbital periods, the masstransfer timescale may become so short that the systems experience a delayed dynamical instability if the mass ratio of the donor star to the WD is sufficiently high. Such systems may eventually merge and hence not contribute to the SN Ia population. If the mass ratio is not very high, the mass-transfer timescale of the systems with a shorter initial orbital period will become shorter, but not much shorter than the longest mass-transfer timescale. This implies a relatively higher, but not much higher mass-transfer rate. So, a massive CE is difficult to maintain for very high mass-loss rates from the surface of the CE. Even for the cases almost experiencing a delayed dynamical instability, the massive CE can also not be maintained for a long time (see also Fig. 6 ). At the moment when MWD = 1.378 M⊙, the mass-transfer rate of these systems is generally slightly larger than the critical accretion rate, which means that the CE cannot be very massive, e.g. ≤ 10 −3 M⊙. Additionally, the failure to maintain a massive CE at the time of the supernova explosion is also partly caused by the relatively longer mass-growth timescales of the WDs, even for systems with the same initial WD mass, due to the unchanged hydrogen mass fraction (see the different explosion times in Figs. 4 and 6) . SNe Ia that explode in a low-mass CE predominantly occur for systems with initial WD masses ≤ 1.0 M⊙, where the mass-growth timescale of the WDs is too long to maintain a very massive CE at the time of the explosion. Therefore, if a system explodes in the CEW phase, the CE tends to have a mass of either ≤ 10 −3 M⊙ or ≥ 0.1 M⊙, which leads to the gap in the distribution of MCE. Moreover, as clearly shown by the red and green points at the bottom of panel (7) in Fig.  9 , the companions for those WDs exploding in a high-mass CE are less massive than the ones exploding in a low-mass CE.
DISCUSSION
Uncertainties in the CEW model
In this paper, we constructed a new SD model in which a CE forms around the binary when the mass-transfer rate exceeds the critical accretion rate. Material in the CE is lost from the surface of the CE instead from the WD surface in the OTW model. Many of the results in the CEW model are similar to those in the OTW model, such as the evolution of binary parameters, while the parameter space leading to SNe Ia and the birth rate of SNe Ia in the CEW model are somewhat larger than in the OTW model. However, the CEW model as presented in this paper is still very simple at present with numerous uncertainties in the detailed modelling. In the following, we discuss some of the main uncertainties in our new CEW models one by one.
In the CEW model, one of the main uncertainties arises from the assumed CE density. In this paper, we simply assumed that the CE is spherical and used an average density to replace the density at the boundary of the inner and the outer part of the CE. The density ρ directly affects the effective turbulent viscosity (equation 3), and hence the angularmomentum loss from the binary system, the frictional luminosity and consequently the mass loss from the system. To test the effect of varying the CE density on the final parameter contours leading to SNe Ia, we arbitrarily multiplied the density in equation (6) by factors of 0.1 and 10, respectively, and recalculated the contour leading to SNe Ia for M i WD = 1.1 M⊙. Fig. 19 provides an example to show how the average density affects the binary evolution. The figures show that, as one might expect, a higher average density results in a higher frictional luminosity and a higher masstransfer rate, and hence leads to a more massive CE. If the average density is high enough, i.e. the density is increased by a factor of 20 or larger, the system will experience a dynamical instability and the system will eventually merge. The critical density factor is system-dependent. For example, for the system with (M i WD /M⊙, M i 2 /M⊙, log(P i /d)) = (0.8, 2.2, 0.4), the critical density factor is 250 due to a much less massive CE. In addition, the evolutionary track of the companion in the HR diagram is significantly affected by the frictional density, as is the period. Fig. 20 shows how the density factor affects the final state of the binary system when MWD = 1.378 M⊙: the companion mass, orbital period and the mass-transfer timescale decrease, while the CE mass increases with the density factor. This is a direct consequence of the higher frictional luminosity as this leads to a larger loss of orbital angular momentum due to the friction between the binary system and the CE; this leads to a higher mass-transfer rate and a more massive CE. At the same time, the companion will lose more material and becomes less massive, i.e. may be as small as 0.5 M⊙ at the time when MWD = 1.378 M⊙. Due to the relatively small radius for the shorter orbital period, the companion also has a low luminosity, i.e. is dimmer than 1 L⊙. The relatively short mass-transfer timescale for a large density factor here is a direct consequence of equation (12). A high density factor results in a higher mass-transfer rate, and the companion will lose its outer envelope more quickly. With the loss of the companion's envelope, the hydrogen fraction of the transferred material decreases; this leads to a higher critical accretion rate and a higher mass-growth rate of the CO WD (see panels 2 and 3 in Figs. 4 and 19) and a shorter overall mass-transfer timescale. The influence of high density on the companion could provide some clues in searches for surviving companions in supernova remnants, e.g. a dim MS star with a relatively low surface hydrogen fraction.
However, we find that the contours leading to SNe Ia in the (log Pi, M i 2 ) planes for different average densities is more or less the same as that shown in Fig. 8 , irrespective of the density factor, except that more SNe Ia explode in the CE phase for a higher assumed CE density. As shown in Fig. 20 , the higher the frictional density, the more massive the CE, making it more likely that the supernova explodes in the CE phase. As far as the contours resulting in SNe Ia is concerned, only the upper boundary, which is determined by systems that experience a delayed dynamical instability, would be significantly affected by the frictional density. For a given system, the higher the frictional density, the more likely the system experiences a delayed dynamical instability, moving the upper boundary downwards. However, as discussed above, although this is model-dependent, only when the density factor is larger than ≃ 20 would systems that avoid the merging fate in our standard model experience a delayed dynamical instability. Therefore, within the density range tested here, the upper boundaries of the contours are almost unaffected by the density factor. The left and right boundaries are determined by the radius of stars on the ZAMS, or at the the end of the HG, which are completely unaffected by the density factor. The lower boundary is constrained by the condition that the secondaries are massive enough to increase the WD mass to 1.378 M⊙. This condition is very weakly dependent on the frictional density factor as discussed above for a system with (M i WD /M⊙, M i 2 /M⊙, log(P i /d)) = (0.8, 2.2, 0.4). Another key uncertainty arises from the adopted massloss rate from the surface of the CE, which determines the mass left in the CE; there is no well established prescription for mass loss from a CE (cf. Schröder & Cuntz 2007) . Here, we again arbitrarily multiply the mass-loss rate in equation (8) by a factor of 0.1 or 10. Fig. 21 shows an example of how the mass-loss rate affects the binary evolution and the final state of the binary system. Figs. 4 and 21 show that the wind mass-loss rate does not affect the binary evolution as significantly as the density does, while it may influence the CE mass considerably. There is a clear trend that, for a lower wind mass-loss rate, WDs tend to reach 1.378 M⊙ during the CE phase, while WDs are more likely to explode in the SSS or RN phase for the higher mass-loss rates. In other Figure 19 . Similar to Fig. 4 but for a different average CE density. The average density from equation (6) is arbitrarily multiplied by a factor of 0.1 (top four panels) and 10 (bottom four panels). 
words, for a higher mass-loss rate, it becomes more difficult to maintain the CE while it is relative easy to obtain a more massive CE for a lower mass-loss rate. In fact, when the wind enhancement factor is larger than 10, the effect of the CE wind on the evolution of the binary is rather minor, and the evolution is very similar to that of the OTW. However, the WD may gradually increase its mass to 1.378 M⊙ for any mass-loss rate. Fig. 22 shows how the wind enhancement factor affects the final state of the binary system. The wind mass-loss rate only has a minor effect on the SN formation rate when the wind mass-loss rate is sufficiently low (the wind factor is lower than 0.1), although a lower wind factor favours the existence of the CE. This directly follows from equation (7), i.e.ṀCE = |Ṁ2|−ṀWD−Ṁ wind ≃ |Ṁ2|−ṀWD when the wind mass-loss rate is much lower thanṀ2 anḋ MWD and can therefore be neglected. Thus, if the wind factor is low enough, the evolution of the CE no longer depends on the mass-loss rate. Fig. 23 presents a map for SNe Ia and mergers in the density -wind factor plane; the boundary between SNe Ia and mergers is also shown in the figure. The figure illustrates that the boundary is system-dependent, especially for the density factor. However, for a rather large parameter region, binary systems may avoid the fate of merging, demonstrating that the CEW model is rather robust.
The factor α in Equation (1) is also an important factor which directly affects the orbital angular-momentum loss and the frictional luminosity. Its influence on the binary evolution is quite similar to the changes in the frictional density as already discussed above.
In this paper, we assumed that all the potential energy sources, i.e. from nuclear burning, the secondary's luminosity and the frictional luminosity are contributing to driving the wind mass loss. A small part of that energy will be required to drive the expansion of the CE itself, which could moderately decrease the expected mass loss. However, as we discussed above, there is a rather large parameter range for which the assumptions about the wind do not affect whether a binary system explodes as a SN Ia or not. Therefore, this effect is unlikely to change the main conclusions of this paper.
We also assumed that the presence of an envelope changes the helium flash at the bottom of the hydrogenburning shell like in a TPAGB star. On the other hand, if the CE is not massive enough and the helium flash is strong enough, the CE might be destroyed. We plan to study the conditions for which the destruction of the CE can be prevented in the future.
Finally, for the CEW model it is still unclear what the system actually would look like during the CE phase; this will depend on the CE mass, the nuclear luminosity for hydrogen and helium burning and the percentage of the total energy used to drive the mass loss from the surface of the CE. In general, we would expect a RG-like object with a high luminosity. We will address this issue in the future following the approach developed previously in Podsiadlowski et al. (1990) .
In summary, our CEW model as it stands now is still very simple, but most of our assumptions are rather conservative. We therefore consider the results in this paper only as the first step and we intend to refine the model in the future.
The differences between the CEW model and the OTW model
The physical assumptions in the CEW model and the OTW model are quite different, which should lead to several testable differences between the two models.
1) The CEW model does not directly depend on metallicity; hence it allows SNe Ia to occur in any environment irrespective of metallicity and redshift. Thus, the discovery of some SNe Ia at high redshifts and/or in a low-metallicity environment are easily explained in the CEW model. The lack of a low-metallicity threshold for SNe Ia relative to SNe II is also a natural result in the CEW model.
2) When |Ṁ2| exceedsṀcr, the hydrogen-rich material burns stably on the WD at a rate ofṀcr, while the unprocessed material forms the CE. At the same time, some CE material may leave the system from the surface of the CE. This treatment leads to two significant differences between the CEW model and the OTW model. One is that the massgrowth rate of the WD in the CEW model is larger than that in the OTW model, which results in a larger initial parameter space for SNe Ia and a lower minimum WD mass, and hence a higher birth rate. The other is the wind velocity. In the CEW model, the unprocessed material leaves the system from the surface of the CE instead of the surface of the WD, resulting in a much lower wind velocity than in the OTW model, i.e. most likely less than 200 km s −1 , probably lower than 50 km s −1 . Our model is therefore compatible with the dynamics of the forward shock and the X-ray emission from the shocked ejecta in SN Ia remnants examined by Badenes et al. (2007) . Even the properties of RCW 86, where the wind cavity with a diameter of ∼ 30 pc contains 1.6 M⊙ of material ejected from the progenitor system (Broersen et al. 2014) , may be explained by our model since a low-density cavity around some SNe Ia could also be expected for some cases in our model grid (see Fig. 15 ).
3) When the hydrogen-rich material is stably burning on the surface of the WD, soft X-ray emission is expected from 
the mass-accreting WD and the system will appear as a supersoft source (SSS, van den Heuvel 1992), while no strong X-ray emission is expected from the DD scenario until just before the SN Ia explosion. This provides a potential method for distinguishing between SD and DD models. However, the number of the SSSs in elliptical and spiral galaxies is much smaller than that predicted from the standard SD model (Gilfanov & Bogdán 2010; Di Stefano 2010) . The predicted number of SSSs from the SD model in these studies is based on the assumption that all the accreting WDs are in the SSS phase which lasts for about two million years before the SN Ia explosion. This assumption is rather simple and may overestimate the duration of the SSS phase by a factor of 10 (see panel 3 in Figs 2 and 4) . According to the OTW model, in which the OTW may absorb the soft X-rays, the duration of the SSS phase is much shorter; Hachisu et al. (2010c) and Meng & Yang (2011b) were able to reproduce the observed SSS number in elliptical and spiral galaxies, i.e. only a small fraction of mass-accreting WDs resulting in SNe Ia contribute to the supersoft X-ray flux of a galaxy. In the CEW model, because of the existence of the CE, X-rays would be completely absorbed by the CE or the material lost from the CE surface. The duration of the SSS phase in the CEW model would be even shorter than in the OTW model since, even when |Ṁ2| is smaller thanṀcr, a CE can still exist (see the panel 3 in Fig. 4) . So, the CEW model is likely to be consistent with the observations of Gilfanov & Bogdán (2010) and Di Stefano (2010) (also see the discussion about the SSS phase in Maoz, Mannucci & Nelemans 2014).
4) The OTW model may explain the properties of some RNe which have been suggested as potential progenitors of SNe Ia (Hachisu & Kato 2005 , 2006a Hachisu et al. 2007 ); this also applies to the CEW model as the CEW model reduces to the OTW model when there is no CE.
5) The efficiency of the accretion of hydrogen on massive WDs at a high rate over many cycles is still controversial; this affects the conditions for which SNe Ia can occur. For example, Idan (2013) recently concluded that the accumulated helium under the hydrogen-burning shell is completely lost in a strong helium flash, which, taken at face value, would make SNe Ia impossible. On the other hand, Newsham (2014) conclude that a WD may continue to increase its mass toward the Chandrasekha limit. The helium accumulation efficiency, ηHe, used here is usually smaller than 1 even when hydrogen burns at a rate ofṀcr. Fortunately, although it is not clear how the WD adjusts to alternating helium flashes and stable hydrogen shell burning in the OTW model, this issue probably does not arise in the CEW model. In addition, ηHe could be larger than derived by Kato & Hachisu (2004) if the effect of H shell burning has been accounted for, since the nuclear energy produced via H-burning keeps the underlying He buffer hotter, resulting in weaker and more frequent He flashes (Cassisi et al. 1998) . Especially, Hillman et al. (2016) recently found that, although a significant fraction of the material accumulated prior to the flash is lost during the first few helium shell flashes, the fraction decreases with repeated helium shell flashes and eventually no mass is lost at all during subsequent flashes. In addition, the helium shell flash in a rapidly rotating WD due to accretion will become more stable than in the corresponding non-rotating WD (Yoon & Langer 2004a,b) . We tested the effect of the accumulation efficiency of helium flashes on the parameter space leading to SNe Ia by increasing ηHe by 50% rather arbitrarily (but keeping the maximum value of ηHe at 1). Fig. 24 shows a comparison of the contours leading to SNe Ia for different values of ηHe. The figure shows that a higher ηHe moves the lower boundary to a lower value while the other boundaries are almost unaffected by a change of ηHe. The reason is that ηHe only plays a role in phases of stable burning or weak hydrogen flashes (see Fig. 7 ). In addition, for a lower initial WD mass (< 0.9 M⊙), most SNe Ia explode in the SSS or RN phase, where ηHe may play a more important role, i.e. a high ηHe results in a larger parameter space for SNe Ia. So, a higher ηHe could lead to a relatively higher birth rate of SNe Ia and produce SNe Ia in an older population.
6) As far as the possible appearance of a WD in the OTW phase is concerned, Nomoto et al. (2007) suggested that the system might look like an undersized OB star, i.e. with an effective temperature of 31600 − 10000 K, but with a size of only a few R⊙, limited by the WD's RL radius. However, no such rapidly accreting blue white dwarf has been found in searches in the Large Magellanic Cloud (Lepo & van Kerkwijk 2013a) . Alternatively such systems might look like Wolf-Rayet (WR) stars or WD planetary nebulae (see also Lepo & van Kerkwijk 2013a; Nielsen et al. 2013; Wheeler & Pooley 2013) . It is worth emphasizing that, for most cases, when the mass-transfer rate is very high, i.e. higher than 10 −5 M⊙ yr −1 (see Han & Podsiadlowski 2004 and Meng et al. 2009a ), the OTW must carry away a large amount of dynamic energy which almost equals the nuclear burning energy. So, during the OTW phase, the WD must be dimmer. In the CEW model, we suggest that the system resembles a TPAGB star during the CE phase. If the system loses the envelope before the supernova, it could look like a post-AGB star. After the CE phase, the accreted hydrogenrich material burns stably on the surface of the WD, and the system may show the properties of a SSS, which is a powerful source of ionizing ultraviolet emission. Such ultraviolet photons may ionize helium in the CSM or interstellar medium, and then emission in the recombination lines of HeII could be expected. Interestingly, searching for the recombination radiation of HeII in passively evolving galaxies, Johansson et al. (2014) found that the strength of the observed HeII λ4686 nebular emission is consistent with the post-AGB stars being the sole ionizing source. In addition, during the CE phase, if the envelope is massive enough, a high luminosity, i.e. even higher than the Eddington luminosity of the WD, and a variable high mass-loss rate for helium flashes might be expected. LMC N66 in the Large Magellanic Cloud could be an interesting candidate: it consists of a WD primary and a non-degenerate system in the center and experiences huge mass loss with a highly variable mass-loss rate (Lepo & van Kerkwijk 2013b ) . In any case, it is still unclear how to distinguish these from real TPAGB stars, and a detailed study on the appearance of the binary system for our CEW model is still required. We have started such an investigation and will report the results in a future publication. 7) One question that has been raised for a long time since Hachisu et al. (1996 Hachisu et al. ( , 1999b is whether the OTW model requires too much fine-tuning (e.g. Piersanti et al. 2000; Shen & Bildsten 2007; Woosley & Kasen 2011) . In contrast, as discussed in section 6.1, our CEW model is rather robust and may work within a very large parameter range, probably requiring much less fine-tuning (see Fig. 23 ).
SUMMARY AND CONCLUSION
We have constructed a new SD model for SNe Ia in which a common envelope forms when the mass-transfer rate onto the WD exceeds a critical accretion rate instead of an optically thick wind. Based on the CEW model, we investigated in detail the WD+MS channel using detailed binary evolution calculations. The initial parameters for SNe Ia in the (log P i , M i 2 ) plane were obtained and then used to study the evolution of the birth rate of SNe Ia by a BPS method. In the following we summarize the main results.
1) The parameter space obtained from our new CEW model is slightly larger than that in the OTW model, i.e. it allows a higher initial companion mass and longer initial orbital period. The minimum WD mass leading to SNe Ia is 0.65 M⊙, slightly lower than in the OTW model.
2) We also presented the final parameters of the binary systems and the companion properties at the time of the supernova explosion, which may be helpful for identifying progenitor systems or search for surviving companions in supernova remnants. Several observed SSSs and RN systems lie in the parameter regions for SNe Ia, making them ideal candidates for SN Ia progenitors. The properties of Tycho G, the suggested surviving companion of Tycho's supernova, is also consistent with our results.
3) Before the SN Ia explosion, the system may lose as much as 2.5 M⊙ of hydrogen-rich material, where there is a trend that, the more mass is lost, the closer the maximum distance this material may reach. For some SNe Ia, the material may be less than 0.2 M⊙, spread over a very large region, possibly extending to more than 300 pc. The environment around these SNe Ia could be very clean and it would be very difficult to detect a signature of this CSM around such SNe Ia. 4) A significant fraction of SNe Ia may explode in the CE phase with a CE mass from a few 10 −4 M⊙ to a few 10 −3 M⊙; these might be essential for explaining the high-velocity Ca features seen in the spectrum of SNe Ia (Mazzali et al. 2005a,b) . 5) For a single star burst, most SNe Ia occur between 0.25 Gyr and 2 Gyr, while the Galactic birth rate of the SNe Ia from our CEW model is (0.89-1.20)×10
−3 yr −1 , which is higher than in the OTW model by about ∼ 30 %. 6) We examined the uncertainties of our model caused by uncertainties in the modeling parameters and found that the model is very robust within a very large parameter range. 7) We discussed the differences between the CEW and the OTW model. Our model avoids several of the shortcomings of the OTW model but also shares the merits of the OTW model. Especially, our model does not depend on metallicity, and SNe Ia may occur in low-metallicity and/or high-redshift environments. In addition, the typical outflow velocity should be much lower than in the OTW model since the material is lost from the CE surface instead of the WD surface in the OTW model.
8) The accumulation efficiency for helium flashes could be a very important factor in determining the parameter space that leads to a successful SN Ia, i.e. a higher ηHe than in Kato & Hachisu (2004) may extend the allowed range of companion masses to a lower initial mass, resulting in a higher birth rate and a possibly longer delay time. 9) Our model may naturally explain the birth rate and delay time of 2002ic-like SNe Ia.
